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due to the third harmonic generation (THG) was also observed (31) . As expected, THG is electric-dipole allowed for all graphene layers, and its intensity grows with the layer thickness.
In addition to these known nonlinear optical features, a new and strong peak at 650 nm, twice energy of the incident photon, emerged from the trilayer (Fig. 2C) . To confirm it being second harmonic generation (SHG), we tuned the excitation wavelength and found the signal to be always at the half wavelength. We also measured the power dependence of the signal by subtracting the broad background due to NPL. As plotted in the inset of Fig. 2C , the signal intensity grew quadratically with the excitation power, confirming that it is the SHG from trilayer graphene. In comparison to trilayer, SHG is not observed for the graphene monolayer, and nearly absent for the bilayer (Fig. 2C ), consistent with their structural inversion symmetry. The weak SHG from the bilayer is likely due to the breaking of inversion symmetry by the substrate or residual doping (2).
As we mentioned, though the graphene monolayer, bilayer, and bulk graphite are all centrosymmetric, the overall inversion symmetry can be broken in trilayers of particular stacking orders. This is the case for the ABA (Bernal) stacked trilayer, which is also the most abundant, naturally existing stacking order. In analogy with a MoS 2 monolayer, the ABA graphene trilayer has a 3-fold, instead of 6-fold, rotation axis along the surface normal, and three in-plane 2-fold (C 2 ) axes along arm chair directions, which belongs to the non-centrosymmetric D 3h point group (Fig. 1C) (10) . Therefore, upon normal incidence, when the excitation polarizer and signal analyzer are set parallel, there should be | | , with being the responsible susceptibility tensor element, and the angle between the armchair direction and excitation polarization (10) . When the two polarizations are set perpendicular, we then have | | . Such 6-fold anisotropies of and are clearly seen in Fig. 3A and Fig. 3B , respectively. In comparison, the NPL remains isotropic with respect to , reflecting the incoherent nature of hot carrier scattering (29, 30) . Therefore, the polarization analysis of SHG on graphene trilayer in Fig. 2A reveals the ABA stacking order and the nature of strong SHG as well.
The rotational anisotropy also allowed us to determine the crystal orientation of graphene layers, as sketched in Fig. 2A .
In mechanically exfoliated trilayers, there is a common rhombohedral stacking fault leading to the ABC stacking order. It often forms interconnected domains with ABA trilayer and constitutes only about 15% of the total area (20) . It is thus difficult to identify the stacking order and different domains noninvasively and accurately. Raman spectroscopy and microscopy is the most widely used technique (28) . To identify the stacking orders between ABC and ABA, subtle changes in the line shape of various Raman modes (20, 21) , or frequency shifts of interlayer shear mode at very low wavenumbers (32) (33) (34) are used. Nonetheless, Raman spectra are often weak, and highly susceptible to defects, disorders and strains in the sample that can obscure spectral features (28) . Furthermore, it is time consuming to microscopically image the ABA and ABC domains by collecting and analyzing the Raman spectra at each pixel.
Because ABC trilayer is centrosymmetric and has distinct structural symmetry from ABA trilayer, no SHG response is expected for ABC trilayer. Thus, SHG microscopy should be a powerful technique to distinguish the stacking orders. Figure 4A shows the bright-field optical microscopy image of an exfoliated graphene sample on the SiO 2 /Si substrate containing both bilayer and trilayer. The entire trilayer region has a uniform contrast in reflectivity. However, on the nonlinear optical image excited at 1266 nm, different contrasts show up within the same trilayer (Fig. 4B ). The contrast of the trilayer region could become uniform again, if we tune the excitation wavelength to 1300 nm so that the SHG signal is no longer in the spectral window ( Supplementary Fig. S2 ). Figure   4C displays emission spectra from the brighter and dimmer regions, respectively. On top of NPL, a prominent SHG peak at 633 nm appears for the brighter region, but is absent for the dimmer one, showing the latter to have a centrosymmetric stacking order. The NPL of the brighter region is slightly weaker at the presence of a strong SHG, possibly due to the conservation of oscillator strength. Meanwhile, the SHG rotational anisotropic spectra in Figs. 4C and 4D proves that the brighter region has a 3-fold symmetry corresponding to the ABA stacking order, and allows us to further determine the crystalline orientation as overlaid in Fig. 4A . To confirm the dimmer and centrosymmetric region to be ABC stacked, we took Raman spectra as shown in Figs. 4E
and 4F. Compared to the ABA trilayer, the dimmer region has a slightly weaker 2D band, with the spectral weight shifting slightly to lower frequency, consistent with that reported 6 for ABC trilayers (20, 21) . Nonetheless, without prior knowledge, it is very difficult to identify the minority ABC stacking based on the subtle differences of the line shape in Raman spectra. SHG clearly yields a much better contrast between the two polymorphs with a high throughput.
Since the inversion symmetry breaking of ABA trilayers is due to the layer stacking, one might consider it as a secondary effect and assume the SHG to be weak. However, by estimating the second order nonlinear susceptibility described in Ref. upon excitonic resonances (10, 12, 13) . In retrospect, such a large optical nonlinearity in ABA trilayer is greatly benefited from the nonlinear optical transitions in resonance with its semi-metallic band structure (17, 18) , as illustrated in Fig. S3 . Additionally, the large second order nonlinearity is also in accordance with the strong piezoelectric effect previously observed among few-layer graphene samples (7), although the distinct symmetry in ABA trilayer was overlooked. If the trilayer is ABC stacked, the strong piezoelectric effect would vanish.
Discussion
The observation of stacking symmetry governed SHG in graphene trilayers permitted the experimental exploration of many intriguing physical phenomena for ABA and ABC trilayers (17, 18, (22) (23) (24) (25) (26) (27) 35) . As shown in Supplementary Fig. S4 by following the low-energy effective models (36, 37) , the calculated band structures on ABA and ABC graphene trilayers have distinct features. The ABA trilayer is a semimetal with gate-tunable band overlap. In contrast, the ABC trilayer is a semiconductor with an electrically tunable bandgap, much like that of the AB stacked bilayer (2). While the electric and optical conductivities have been confirmed by transport and infrared spectroscopy measurements (17, 18, 35) , many more features are yet to explore. For ABA trilayer, the effect of trigonal warping is significantly stronger than those in graphene monolayer and ABC trilayer. With the aid of polarization-resolved SHG to determine the crystalline orientation, the anisotropic response and the role of valley pseudospin (38) could be studied. For ABC trilayer, two nearly flat bands across the gatetunable bandgap are formed, and the very high density of states at the band edges opens an opportunity for investigating many exotic phenomena (22) (23) (24) (25) . The SHG microscopy could help fabricate the high-quality ABC trilayer samples even that they are encapsulated inside hBN (39) , because the SHG vanishes in even layers of hBN due to Bernal stacking and is weak in odd layers. direction. The spectral bandpass range for nonlinear signal was centered at 633 nm and narrowed to 6 nm, which is grayed in the spectra.
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